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Abstract 

Research on 193 nm laser initiation and rf sustainment of seed gases and air plasmas has been 
carried out. We have obtained 1014/cm3, Te = 0.3 eV laser plasmas of 500 cm3 volumes using 
an organic gas which has been seeded (8-60 mTorr) in nitrogen at pressures up to atmospheric 
conditions. Fast Langmuir probe measurements of density and temperature have been carried out 
utilizing a special shielded probe and boxcar sampling techniques. Photomultiplier measurements 
of optical emission have shown increased emission with nitrogen pressure which indicates strong 
coupling and longer lifetimes (r = lOfis) of the absorbed laser flux to the dominant nitrogen species. 
We have observed and analyzed a new delayed ionization process of a superexcited seed gas state 
which interacts with the nitrogen background resulting in longer plasma lifetimes. We have also 
carried out seed argon measurements of radiofrequency power absorption from 1-100 mTorr yielding 
densities of 2 X 1013/cm3 and temperatures of 3 eV with 8500 cm3 volumes in a magnetic field of 
1.4 kG. The antenna and plasma loading characteristics have been compared with our MAXEB 
2-D simulation model and are in very good agreement. We have since carried out experiments in a 
nitrogen/argon mix at 1-2 Torr pressures and have achieved plasma densities of 5 x 1012/cm3 at 1 eV 
with 7000 cm3 volumes at low 0.03 W/cm3 radiofrequency power levels. The experimental antenna 
and matching circuit measurements have been compared to our ANTENA-II simulation code and 
are in good agreement. We have carried out optical emission measurements on these rf-produced 
plasmas to determine the lifetime under different gas mix conditions to minimize radiofrequency 
power requirements. We have also developed an analysis and carried out simulations of highly 
collisional plasmas created by a radiofrequency source and obtained plasma loading resistances 
identical to that observed by Eckert and Kelly in atmospheric air at 760 Torr. These models have 
been used to design and scale our antenna and matching system for our laser initiated seed gas 
atmospheric air radiofrequency plasma sustainment experiment which has been carried out. We 
have carried out laser initiation and radiofrequency sustainment in a 5 cm diameter chamber with 
seed gases and nitrogen at up to 10 Torr pressures. Antenna and matching optimization have 
provided sustained densities of 1012/cm3 which could not be produced without the laser initiation. 
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1    Introduction 

We have made substantial progress in producing seeded air plasmas by both laser initiation and 
radiofrequency sustainment methods. This work has also resulted in a strong research publication 
record with five journal publications on the research work [1, 2, 3, 4, 5]. Ding, Scharer and Kelly 
have carried out new research on laser superexcited seed gas states which reduce recombination rates 
for the plasma compared to standard methods [5]. Of particular note in this research is the high 
densities achieved (1012-14/cm3) and large volumes (500-8500 /cm3) with absorbed and sustained 
radiofrequency power densities in the range of 70-100 mW/cm3 at densities in the 1012/cm3 range 
with the use of seed gases in air components. In addition, we have carried out creative fast 
probe, microwave, and optical diagnostic measurements on these plasmas. We have also developed 
advanced computer programs which describe the radiofrequency antenna coupling, propagation and 
heating of the air component plasmas which is useful as a diagnostic to compare with experimental 
measurements at high pressure. The following sections describe these research results. Lists of 
students and journal and conference publications are also included. 

We have obtained laser-formed plasmas with densities of up to 1014/cm3 in 32 mTorr of or- 
ganic gas of 200 cm3 volumes with initially low, 0.3 eV electron temperatures. We have obtained 
measurements which suggest that laser-produced superexcited states of the organic gas, tetrakis- 
dimethyl-amino-ethylene (TMAE), molecule and metastable states caused by the addition of 0.1-760 
Torr of nitrogen substantially enhance the lifetime of the plasma emission. The lifetime is found 
to increase with increasing nitrogen concentration. Figure 1 illustrates the laser plasma facility in- 
cluding the special fast Langmuir probe and microwave scattering diagnostics. We plan to further 
explore and utilize these processes to reduce power consumption at higher nitrogen and atmo- 
spheric air pressures by use of spectroscopic, fast probe, and microwave diagnostics in the future. 
The spectrometer will allow concentrations of metastable nitrogen and superexcited states of the 
organic gas to be measured and we will seek methods which maximize these processes which reduce 
the power to sustain the plasma. These processes are important as a method for reducing power 
consumption in air plasmas whether laser, radiofrequency or electrode sources are used. 

We have also constructed a magnetized radiofrequency plasma facility and obtained efficient, 
steady-state production of plasma densities of 3 x 1013/cm3, Te = 3 eV in volumes of 8500 cm3 in 
argon at 5 mTorr by means of 1 kW of 13.56 MHz power. The radiofrequency source has also been 
utilized to obtain 2 x 1012/cm3 densities, Te = 3 eV temperatures at the same power level and 8500 
cm3 volume in 100 mTorr N2 plasmas. We find that the magnetic field configuration and intensity 
plays an important role in producing efficient, high density plasmas. This work is being published 
in the Physics of Plasmas [4]. We have carried out further research on rf plasma generation at 2 
Torr of a nitrogen-argon mixture and very efficient methods for-optimizing antenna coupling and 
plasma initiation are currently being conducted. 

We have also utilized our ANTENA [6] and MAXEB [3] simulation codes to design an improved 
antenna coupling regime for the radiofrequency formed plasmas and to examine the effects of 
magnetic fields on the wave penetration and absorption for highly collisional air plasmas. Earlier 
research on the effects of magnetic field for wave penetration in unbounded collisional plasmas has 
been carried out by Bozeman [7]. We have examined the effects of the antenna coupled spectra, 
plasma density, collision frequency, radial profiles and magnetic fields and solved the complete 
boundary value problem utilizing these codes. We find that magnetic fields do have an important 
effect on the wave penetration at high collisionality. We find that for plasmas with density n = 
1014/cm3 and collision frequency 109 Hz, for low magnetic fields of 50 G, the wave is absorbed 
primarily near the edge and does not penetrate to the core. For 1000 G, the wave penetration to 
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Figure 1: Laser plasma schematic including fast Langmuir probe and microwave diagnostics. 

the core is greatly improved and for 2500 G it is optimal. Note that the effect of magnetic fields 
on wave penetration is even more marked at the peak plasma densities of 1013 cm3. Code runs we 
have made show even more effective wave penetration, both radially and axially, at this density and 
high collisionality. We also find that at high collisional values of v = 1010/s, higher initial plasma 
densities of 1014/cm3 and higher frequency operation at 200 MHz also enhances coupling and wave 
penetration. 

The use of our 193 nm excimer laser for initiation of 1014/cm3 density seed plasmas at higher 
atmospheric pressures can provide improved initial radiofrequency coupling for sustainment of high 
density plasmas. The use of radiofrequency waves with the appropriate coupling can enhance the 
superexcited states of the organic seed gas and the metastable nitrogen which enhance plasma 
lifetime. 

1.1    Laser creation of TMAE plasma in air and its characteristics 

The mechanism for TMAE plasma creation is photon absorption. If a photon with sufficient energy 
is incident on a TMAE molecule, we might expect the TMAE molecule to break into an electron-ion 
pair. Just such a situation arises when 193 nm VUV (6.4 eV/photon) laser radiation illuminates a 
chamber filled with TMAE vapor with an ionization potential of 6.1 eV [1]. The cross section for 
such a reaction is a = 1.1(±0.3) x 10~17 cm2 [8]. The TMAE molecule is chosen because it has 
such a low ionization potential and is easily ionized by such laser radiation. 

For a TMAE pressure of 32 mTorr, the 1/e absorption length of the laser is of the order of 1 m. 
Microwave reflectivity measurements were carried out on this [2] plasma to observe the properties 
of the plasma such as collisionality, axial density variation, and plasma decay rates.  The results 



of this study indicate that using a high powered 300 mJ/cm2) laser is beneficial in creating a high 
density (ne > 1014/cm3) seed plasma in air. 

1.1.1 Estimation of the maximum plasma density 

We increased the laser power density to 2 MW/cm2 and induced the new delayed mechanism of 
ionization as discussed above, so that we can both increase the initial plasma density and slow 
down the decay process which is equivalent to reducing the recombination coefficient. Using this 
new data, we estimate [9] that we obtain peak electron densities of 1.1 x 1014/cm3. 

1.1.2 Increase in the plasma emission lifetime by addition of 760 Torr of Nitrogen 

In the laser experiment, we have found that the addition of up to 760 Torr of nitrogen can slow down 
the decay of our TMAE plasma optical emission. This phenomenon provides us with a new way 
to increase TMAE plasma lifetime, and this method is especially useful for TMAE seed plasmas in 
air. The study of this phenomenon is not only useful for laser produced plasma, but also useful for 
our radiofrequency method to create plasma in air seeded with TMAE vapor. The experimental 
results when N2 is introduced into the laser produced TMAE plasma, have been discussed in our 
AIAA paper [10]. The results show that the higher the N2 concentration, the stronger the effect. 
N2 plays an important role in slowing down the plasma emission decay process. 

The plasma and chemical processes are quite complicated, but we assert that the following two 
mechanisms are most dominant for this phenomenon. 

(1) There is an additional reaction when N2 is added 

TMAE** + N2(X) *± N;(A) + TMAE(X) (1) 

where TMAE** is the TMAE molecule in the superexcited state which we described above, X 
stands for the ground state, and N2(A) is a metastable state of nitrogen. The 6.4 eV energy of 
TMAE** provided by the laser is precisely in the band of metastable state of N2(A3E+), so that 
the transfer rates in Eq. (1) are expected to be very high. Since the metastable state N2(A) has a 
long-lifetime (1.9 s), its density decay is much slower than that of both TMAE** and TMAE+. So 
the reverse reaction of Eq. (1) keeps the superexcited TMAE** density from rapidly decaying, and 
the auto-ionization of the superexcited TMAE** state can slow down the plasma density decay. 

TM AE**—>TM AE+ + e (2) 

(2) Another possible mechanism is the Penning ionization 

N;(A)+TMAE{X)—>TMAE+ + e + N2(X) (3) 

Since the energy of N^A) exceeds the ionization potential of TMAE, this reaction is quite likely 
occur. When the molecular densities of both TMAE and N*,(A) are high, this reaction is believed 
to be very fast. We plan to further investigate and exploit this process to provide reduced power 
consumption for high density air plasmas in the proposed research. 

2    Laser Produced TMAE Plasma in Nitrogen 

2.1    Lab apparatus 

A schematic experimental arrangement is illustrated in Fig. 2. A laboratory plasma is created in 
a 50-cm-long by 15.2-cm-diameter cylindrical glass chamber, which is pumped to a base pressure 



of 5 x 10~7 Torr by a diffusion pump. A Suprasil window which is transparent down to 180 nm 
wavelengths is mounted on the laser entrance end of the vacuum chamber. On the opposite side of 
the chamber, a Langmuir probe and a flow feed to introduce the TMAE vapor are inserted through 
feed-throughs to the vacuum chamber. 

A Lumonics PM842 excimer laser runs in an ArF mode and produces 193 nm wavelength 
radiation. The half-width of the laser pulse is 20 ns. The shape of laser output cross section 
initially is a rectangle of 3 cm x 1.3 cm. It can be changed simply by a two-lens system. In this 
experiment, the laser first passes through a beam splitter, and the output cross section is changed 
to 2.4 cm X 1.3 cm. Then the laser passes through a two-lens system, and its output cross section 
is changed to 2.4 cm x 3.2 cm. The laser beam is quite uniform, AI/I < 10% as measured by an 
apertured photodiode. A calorimeter is used to accurately measure the intensity of the laser beam. 

2.2      Diagnostic for TMAE and nitrogen mixture plasma 

The electron density can be measured from Langmuir probe electron saturation currents which 
are independent of the ion species and mixture. However, a simple probe structure is not suitable 
for this measurement because: 

1. The detection system must have a very good high frequency response. We have developed a fast 
response detection system which can measure Langmuir probe cur rent-voltage characteristic 
curve at a certain delay time after the laser pulse. The frequency response is measured as 
follows: A signal generator replaces the probe tip. The input signal is compared with output 
signal from the complete probe circuit and data acquisition system. The wave signals are 
varied from 200 MHz to 20 kHz. The output signal amplitudes are slightly reduced compared 
to the input, and the relative errors from 20 kHz to 2 MHz is below 0.5%, and that for 2 MHz 
to 20 MHz is below 1%. 

2. For an organic gas plasma, probe contamination by condensates can substantially disturb the 
measurements. An indirect heating technique is applied to the probe to ensure that its surface 
is very clean. 

3. For a rapidly pulsed plasma, the noise from the plasma as well as from the laser discharge 
can severely perturb the probe measurement, and the isolating and shielding layers around the 
Langmuir probe may not be perfect. One way to check the noise perturbation is by means 
of a dummy probe method. The dummy probe is an identical probe to the measurement 
probe, except that it is not exposed to the plasma. In this experiment, the signal from the 
dummy probe is always smaller than 0.1% of the electron saturation current obtained from the 
measurement probe. 

The new probe structure is shown in Fig. 3. The Langmuir probe current-voltage charac- 
teristic curve is measured by a sampling technique with a boxcar integrator. A typical I-V 
characteristic is shown in Fig. 4. 

Collisionless Langmuir probe theory is valid for the 200 mTorr nitrogen case, because the 
electron mean-free-path (3 mm) is much larger than either the probe size (0.25mm) or Debye 
length (0.01 mm scale). 

In order to diagnose the plasma in high pressure conditions, a photo-multiplier tube is utilized 
to collect the plasma emission light from the perpendicular direction to the laser beam. 
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Figure 5: (a) Electron density for nitrogen-TMAE mixture plasma with 200 mTorr nitrogen, 16 
mTorr TMAE and 4 mJ/cm2 laser influence, (b) the density ratios between nitrogen-TMAE plasma 
and pure TMAE plasma. 

2.3      TMAE plasma in nitrogen 

The time dependence of the electron densities of TMAE-nitrogen mixture plasma case is shown 
in Fig. 5. The density ratio between the mixture and the pure TMAE plasma are shown in Fig. 5(b). 
The electron temperature decay for the two cases are almost identical, which are shown in Fig. 6. 
At early times (hundreds of nanoseconds), the electron density with nitrogen mixture is lower than 
those with a pure TMAE plasma. However, their density ratios increase with time in Fig. 5(b). 

The plasma emission measurement is shown in the Fig. 7. When 0.5 Torr nitrogen is mixed with 
TMAE in the chamber, the emission during the initial microsecond becomes smaller than that of 
the pure TMAE plasma. But as more and more nitrogen is added, the emission becomes stronger 
and stronger. 

Many physical processes influence the results [9], and here we discuss some of the possibilities. 

1. For the pure TMAE plasma, we have found that two processes are dominant in the decay 
process, electron-ion recombination and delayed ionization, but other processes, such as three- 
body recombination and diffusion processes are not important at low gas pressure and on 
microsecond time scales. Delayed ionization is an ionization process ntial (I.P.), they do not 
necessarily promptly ionize, especially for a large molecule [11], such as TMAE. When the 
TMAE molecule is excited by the laser, the total energy (electronic + vibrational + rotational) 
can exceed the first ionization potential, but the electronic component alone is insufficient for 
ionization. Such an excited state is called a super-excited state [12]. Such phenomenon has 
been found in many organic molecules. TMAE can occupy a super-excited state, then undergo 
ionization or dissociation processes at later times. This is the delayed ionization process, which 
can slow down the TMAE plasma density decay [13]. 
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Figure 6:   Electron temperature variation with time, taken with 16 mTorr TMAE, 200 mlbrr 
nitrogen and 4 mJ/cm2 laser influence. 

2. For the nitrogen-TMAE mixture plasma, delayed ionization through the super-excited state 
can also be important. Since the energy of the super-excited TMAE** is exactly in the band 
of metastable state of N2(A3E+), the energy transfer rates between them are expected to 
be very high. The delayed ionization process is dependent on the super-excited TMAE** 
which could be influenced by nitrogen. For early times (hundreds of ns), delayed ionization is 
weakened because many TMAE** molecules transfer energy to N2(A3E+) rather than undergo 
the delayed ionization process. However, the metastable N2(A3E+) density can increase (the 
metastable state N2(A) has a long lifetime (1.9 s), so on a microsecond time scale, N2(A) 
density does not decay due to its natural lifetime. At later times, the energy transfer from 
N2(A3E+) to TMAE** should increase, and Penning ionization between N2(A3E+) and TMAE 
could occur. Thus, delayed ionization might be enhanced by nitrogen at later times. This is a 
possible interpretation for Fig. 5(b) which shows that the density ratios increase with time. 

3. Assume that in a reaction, part At later times, of the TMAE+ ion is changed to another ion, 
which has a smaller recombination rate, so that the plasma density decay is reduced. If this 
process is enhanced by nitrogen, then the nitrogen helps to reduce the plasma density decay. 
This is an alternative interpretation of Fig. 5(b). 

4. In Fig. 7, when 0.5 Torr nitrogen is added, the emission measurement qualitatively agrees with 
the Langmuir probe measurement, where the nitrogen TMAE mixture plasma has a lower 
density than the pure TMAE plasma at the initial 1 microsecond. When more and more 
nitrogen is added to 500 Torr, the emission is stronger and stronger even for the first initial 
100 ns. We believe that the mechanisms discussed above are the reasons for these experimental 
phenomenon. When the nitrogen pressure becomes higher and higher, which means that the 
mechanisms discussed above become faster and faster, and become more and more important 
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Figure 7: Total emission Intensity from laser produced TMAE plasma seeded in nitrogen. 

at the earlier times. So where the nitrogen pressure increases, the nitrogen-TMAE plasma is 
more dense. 

2.4      Observation of Delayed Ionization in Laser Formed Plasma 

A large volume (hundreds of cm3) plasma is created by a 193 nm laser ionizing an organic vapor, 
tetrakis (dimethyl-amino) ethylene (TMAE). The plasma is characterized as high electron density 
(1013 - 1012/cm3) and low electron temperature (~ 0.1 eV). To investigate the plasma decay pro- 
cesses, a fast Langmuir probe technique is developed, including a detailed considerations of probe 
structure, probe surface cleaning, shielding, frequency response of the detection system, physical 
processes in probe measurement, dummy probe corrections as well as noise analysis. The mecha- 
nisms for the plasma decay are studied and a delayed ionization after the laser pulse is found to 
be important. This mechanism is also supported by optical emission measurements that nitrogen 
enhances the delayed emission from TMAE plasma. A model combining electron-ion recombination 
and delayed ionization is utilized together with experimental results to order the terms and calcu- 
late the relaxation times for delayed ionization. The relaxation times are longer for lower TMAE 
pressures and lower electron densities. 

2.4.1     Analysis of plasma decay processes 

For a source-free plasma, the density decay process is usually described as 

aeffne - Va^e (4) 

10 



where D is plasma diffusion coefficient, aejj is the effective recombination coefficient, and va is the 
electron attachment rate. 

Electron attachment 

Since TMAE molecule is a strong electron donor rather than an electron acceptor, the rate of 
electron attachment to TMAE should be small. Since the electron mobility in liquid TMAE is very 
large [14], this implies that the electron attachment rate to the TMAE molecule should be small. In 
this experiment, Langmuir probe measurements can determine if negative ions are present. Holmes 
et al. [15] has given a formula to calculate the negative ion density. 

Je,sat  _     1    /.        7l_,    /   M, (l_^)/^_ (5) 
Ji,sat      0.6V       n+'\2nme 

where M; is the positive ion mass, me is the electron mass; n_ and n+ are the negative and positive 
ion density respectively; Je,Sat and J;iSat are electron and ion saturation current density. If negative 
ion formation is important, n-/n+ should increase with time due to rapidly decaying in n+ and 
increasing in n_ from zero, so that the electron and ion saturation current density ratio Je,sat/Ji,sat 
should decrease with time. However, no decreasing trend of ratio Je,sat/Ji,sat with time can be 
found within 10% over 2 //s. Thus, the electron attachment effect must be very small for our 
experimental conditions over the initial 2 /xs. 

Electron-ion recombination 

With the neglect of both diffusion and electron attachment processes, which are small in the 
experiment, Eq. (4) becomes 

.£ = -«*/* <•> 
The solution to this equation is 

1        1        ftl 

— = — + /    aeff dt. (7) 
ni      n0     Jto 

where n0 and nx are the electron densities at times to and t\ respectively. The effective aejj 
in this manuscript are approximately calculated from the corresponding electron densities at two 
successive measurement times. 

aeff = (^-h/(h-tQ). (8) 
«l      no 

We plot ae/f versus time for different experimental conditions in Fig. 8. The results show that 
aeff is not constant with time, but increasing. The higher the TMAE pressure, the more rapid the 
increase in aeff with time. 

Another result is that the change in aejj is only weakly dependent on the change in electron 
temperature. One can write the first order relationship as 

I Aae// | dUe to Te effect=\ ~af~ I - I A^e | (9) 

11 
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Figure 8: Effective electron-ion recombination coefficient vs. time under conditions of 4 mJ/cm2 

laser fluence with TMAE pressure of (*) 16 mTorr, (o) 8 mTorr, (o) 4 mTorr, (<) 2 mTorr and 
under 8 mJ/cm2 laser fluence with TMAE pressure of (+) 8 mTorr. 

If the electron temperature Te effect were important in the change in ae//i the larger | ATe | should 
cause the larger | Aae// |, but the experimental results in Fig. 9 shows the opposite. First, from 
t=100 ns to t= 2000 ns, | ATe | for the 2 mTorr TMAE case is larger than that of 16 mTorr 
case, but | Aae// | in the 2 mTorr case is smaller than that of 16 mTorr case. Second, for the 16 
mTorr TMAE pressure case, Te is almost constant in time (0.6 fis < t < 2 fis), but the ae// is 
approximately tripled. These results show that the change in ae// is only weakly dependent on the 
change in electron temperature. This agrees with a general rule [16] that for a larger molecular ion, 
aejf is less electron temperature dependent, e.g. H30

+(H20)2 and NHf(NH3)2 plasmas [17, 18] 
which are almost independent of Te. 

The experimental results can not be interpreted by the three-body recombination and muti-ion 
species effects: 

(1) The process of three-body recombination with the electron as the third body (ion + e 
+e): This process causes aejj to decrease as the electron density decays. This is contrary to the 
observation that the aejf increases as the electron density decays. 

(2) The process of three-body recombination with the TMAE molecule as the third body (ion 
+ e + TMAE): The TMAE density is constant with time, so this process can not interpret the 
increase of ae// with time. In addition, to our knowledge, there are no reports of such a three-body 
process being important in the mTorr scale range. 

(3) The multi-ion species effect: This effect must cause aejj to decrease with time. If two 
components are assumed, the component with a larger a>j decays more rapidly, so the proportion 
of the component with the larger CKJ must decrease with time. As a result, the global aeff must 
decrease with time. This is in conflict with the experimental results of aejj increasing with time. 
In addition, the ratios Ji,Sat/Je,sat from the Langmuir probe measurement are constant within the 

12 
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Figure 9: Comparison of the variation of ae// and Te with time under conditions of 4 mJ/cm2 

laser fluence with TMAE pressure of 2 and 16 mTorr. 

experimental error 10%, which implies that over the initial 2 /xs, the ion species doesn't change. 
Thus, the experimental observations can not be interpreted by the factors discussed above. 

This implies that another physical process is important in the decay process of the laser-produced 
TMAE plasma. 

2.4.2      Delayed ionization 

Photons absorbed by TMAE molecules may not contribute to direct ionization. When the TMAE 
molecule is excited by the laser photon (6.4 eV), the total energy (electronic + vibrational + 
rotational) exceeds the first ionization potential (5.4 eV for TMAE), but some of those molecules 
are still neutral. Such an excited state is called a super-excited state [19]. This phenomenon 
has been found in many molecules, including TMAE [20]. For some of them, the lifetime can be 
hundreds of ns, even tens of ps, and the most prominent example is C6o [21, 22]. There are also 
many reports for other molecules such as benzene [23, 24, 25, 26], benzene clusters [27, 28], benzene- 
noble gas dimers [29], naphthalene [30], azulene [31], triethylamine [32], ketene [33], Nb, Ta and 
W clusters [34, 35], C70 [21, 36], fullerenes C„(n<96) [37], etc. There are many theoretical articles 
too [38, 39]. The experiments and theories are summarized in review articles [40, 41, 42, 43]. 

When a molecule is excited by a photon with energy higher than its ionization potentials (I.P.), 
it does not necessarily promptly ionize, particularly for a large molecule [44], the physical processes 
are illustrated as follows [42, 19, 45]: 

AB+ + e (direct ionization) 
AB + photon -> <      R„#      J AB+ + e (delayed ionization) 

\ A + B (dissociation) 

where AB** represents molecule AB in a super-excited state. 

13 



The analysis suggests that a delayed ionization could occur in 193 nm laser photo-ionization of 
TMAE. There are several arguments to support this interpretation. 

First, the delayed ionization mechanism can interpret the "unexplained" experimental obser- 
vations. (1) The delayed ionization decays rapidly with time, so it becomes less important during 
later times. This causes ae// to increase with time. (2) As the TMAE pressure increases, due 
to the collisional reaction TMAE + TMAE**, TMAE** decays more rapidly, so that the delayed 
ionization process is reduced. This is the reason that the plasma of 16 mTorr TMAE case decays 
more rapidly than that of 2 mTorr TMAE case. 

Second, the delayed optical emission experiments strongly support the delayed ionization inter- 
pretation, which will be presented in the next section. 

Third, there are many reports on delayed ionization phenomenon in laser ionization of large 
molecules. 

Fourth, TMAE super-excited phenomenon has been reported [20] when excited from 185 nm to 
196 nm, although the relaxation time of the delayed ionization is not measured. According to this 
report, when TMAE is excited by a 193 nm laser, superexcited TMAE** can be created. 

In sum, the mechanisms of the laser-produced TMAE plasma decay processes are studied, 
compared with the experimental measurements, and a delayed ionization process is indicated. 

2.4.3      Optical Emission Measurement 

A spectrometer at a right angle to the laser beam is utilized to collect the plasma emission. The 
temporal emission intensity at 480 nm with a 4 nm resolution is shown in Fig. 10. The first peak 
is primarily a response to laser induced fluorescence (LIF). For later times, such as t > 100 ns, the 
LIF emission is greatly reduced. Interesting results occur when 5 Torr, 50 Torr and 760 Torr of 
nitrogen are added to 8 mTorr of TMAE. The emission spectra intensity for 300 ns < t < 1300 ns 
is increased with increasing nitrogen pressure, as shown in Fig. 11. The relative spectra are very 
similar for all cases, which implies that the majority species has not changed during this period. 
The peak of 480 nm has been reported as an emission for a TMAE Rydberg state (Rl) which has 
20 ns radiative lifetime [46, 47]. Since nitrogen doesn't react with TMAE at the ground state [48], 
and since nitrogen does not absorb the 193 nm photon, the enhancement of the delayed emission 
intensity suggests that there should be an energy-storage mechanism during the laser shot, and the 
energy is released during the delayed processes. The process of the energy-storage should involve a 
long-lifetime (hundred of nanosecond time scale) and highly excited species (above the first TMAE 
Rydberg state energy). This species is the source for the enhanced delayed emission. 

In sum, the results of the enhancement of the delayed emission from TMAE plasma by the 
nitrogen suggest that a long-lifetime (hundred of nanosecond time scale) highly-excited state (above 
the first TMAE Rydberg state energy) is important in the TMAE plasma, which could be a source 
for the delayed ionization. This result supports the delayed ionization mechanism. 

2.5    Model 

With the neglect of both diffusion and electron attachment processes, which are small in the 
experiment, the electron density decay is given by 

dne/dt = (-ae//)n*. (10) 

It is challenging to estimate the relaxation time of the delayed ionization process due to many 
physical and chemical processes involved.  However, the laser-produced TMAE plasma has some 
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Figure 10: The emission temporal profile from laser produced TMAE plasma measured at 480 nm. 
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Figure 11: Nitrogen effect on delayed emission from the laser produced TMAE plasma emission 
spectra, measured at time window of 300 ns < t < 1300 ns after the laser pulse. 
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excellent properties which reduce the number of those processes. In this experiment, diffusion and 
electron attachment processes are negligible. The other three processes (three-body recombination 
with either electron or neutral as the third body, electron temperature effect, and multi-ion species 
processes) have been discussed and shown to be inadequate for interpreting the experimental results. 
Therefore it is reasonable to assume that the change in the electron density is primarily due to the 
processes of electron-ion recombination and delayed ionization. So the time derivative of electron 
density is governed by 

<£ = -anl + D(t) (11) 

where ne is the electron density, a is electron-ion recombination rates, and D(t) is the delayed 
ionization rate. 

Substituting Eq. (10) into Eq. (11), 

dne/dt — (a — aeff)ne. (12) 

The physical meaning of a - ae// is the change in the effective recombination coefficient due to the 
delayed ionization process. 

The relaxation time, r, of the delayed ionization can be defined as 

-1 
T = 

dlnDjt)' 
dt~ 

(13) 

We substitute Eq. (10) into Eq. (12), and neglect dln(a - aeff)/dt. Thus the relaxation time 
r can be calculated approximately as 

-1 

~W 

Here the approximation is valid if 

dln[(a- aeff)nl]       dln(a- aeff)     dln{n2
p)       dln(n 

(14) 

w 

dln(a — aeff) 
dt 

< 

+ 

dln(nl) 

dt dt 

dt 
(15) 

Since 
dln(a — aeff) 

dt 

da 
W 

daeff 
dt 

(«- - aeff) 
, the validation of Eq. (15) needs two conditions, namely 

da 
~dt 

< 
da, eff 

dt 
(16) 

and 

da. 
~dt 

$11 

(a - aeff) 
< 

dln(nl) 
dt 

(17) 

The assumption in Eq. (16) requires that the electron-ion recombination coefficient, a, change much 
less rapidly than the effect caused by the delayed ionization rates. The change in a due to the 
electron temperature and three-body effects has been shown to be inadequate for interpreting the 
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experimental results for the change in cue//. The decayed ionization mechanism provides a good 
interpretation. This means that the change of a in time (da/dt) due to any reason other than the 
mechanism of delayed ionization is much smaller than daef//dt due to the mechanism of delayed 
ionization, or Eq. (16). 

Equation (17) can be verified by substituting the relevant parameters, which are all measured in 
the experiment except the a value. To prove the validity of Eq. (17), a is estimated by the effective 
aejf measured in this work. The effective ae// is a combination of electron-ion recombination 
(a value) and delayed ionization contributions. Since | da/dt |<| daefj/dt |, with the delayed 
ionization time scale increasing, its contribution to the a value is decreased in time. Thus we 
conclude that the a value should be larger than ae//, and they become closer for later times when 
the delayed ionization processes is less important. Based on this conclusion, we can estimate a 
from the effective aeff that have measured. 

For the 16 mTorr TMAE case, aeff increases from 2.1 xlO-6 cm3/s at t= 1250 ns to 2.8 xlO-6 

cm3/s at t =1750 ns. Since aefj increases with time, aeff > 3 X 10~6 cm3/s is predicted for later 
times. Thus, a > aeff > 3 x 10~6 cm3/s is predicted, based on the conclusion that a value is close 
to but larger than ae// for later times. The analysis here does not imply that the a value is around 
3 X 10-6 cm3/s, but the a value could be larger, such as 4 X 10-6 cm3/s or more. A more accurate 
a value is difficult to predict from this work, but this estimate of a lower bound for the a value is 
sufficient to verify the assumption in Eq. (17). 

The  , aeff'—r values can be calculated under the assumption a = 3x 10~6 cm3/s or a = 
(a - aeff) 

4 x 10~6 cm3/s. Those results compared with the dln(nl)/dt values are shown in Fig. 12, which 
verifies that Eq. (17) is well satisfied for most cases, especially for higher a values, or at earlier 
times. The physical meaning for the condition implied by Eq. (17) is that a - aeff varies more 
slowly in time when compared to the rapidly decaying electron density. 

Under the conditions of Eq. (17), the relaxation times r of the delayed ionization can be calcu- 
lated from Eq. (14), and the results are shown in Fig. 13. The points on the solid lines are under 

the condition that   da^ff/dt   -1S iess than 30% of the dln(n2
e)/dt values when a = 3 x 10~6 cm3/s 

(the lower bound) is assumed. The points on the dashed lines do not satisfy this condition, but 
Eq. (17) could still hold if the a value is larger than 3 x 10"6 cm3/s, which is quite possible. 

Two conclusions can be drawn from the relaxation time results from Fig. 13: (1) the relaxation 
time of the delayed ionization increases with time; (2) the relaxation time of the delayed ionization 
decreases with increasing TMAE pressure. 

The relaxation time of the delayed ionization, r, is quite comparable to the lifetime of the 
TMAE** state, because TMAE** is the source of the delayed ionization. The lifetime of TMAE** 
can be influenced by the TMAE pressure and electron density due to collisions. Thus, the relaxation 
time T is related to TMAE pressures and electron densities. 

As the electron density decreases with time, the rate of electron quenching of TMAE** decreases, 
so that the lifetime of TMAE** and the relaxation time of the delayed ionization increase with time. 

As TMAE pressure increases, the rate of TMAE molecular quenching of TMAE** increases, so 
that the relaxation time decreases. 

In sum, with the assumption that electron density change is primarily due to electron-ion 
recombination and delayed ionization processes, a model is developed to calculate the relaxation 
time of the delayed ionization, which are longer under lower TMAE pressures and lower electron 
densities. 
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Figure 12:   (a) | dln(nf)/dt | versus time;  (b) |  ulfa
f

e)  I versus time with the assumption of 

fc = 3x 10~6 cm3/s; (c) | H-a*/**) I versus time with the assumPtion of A; = 4 x 10-6 cm3/s. The 
data are under conditions of 4 mJ/cm2 laser fluence with TMAE pressures of (•) 16 mTorr, (o) 8 
mTorr, (o) 4 mTorr, and (<) 2 mTorr. 
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Figure 13: The relaxation times of the delayed ionization calculated from for Eq. (14). The data 
are under conditions of 4 mJ/cm2 laser fluence with TMAE pressures of (*) 16 mTorr, (o) 8 mTorr, 
(o) 4 mTorr, and (<) 2 mTorr. 

2.6      Summary 

A fast Langmuir probe technique is developed to diagnose the decay process of a laser-produced 
TMAE plasma, which has a large volume (hundreds of cm3), high density (1013/cm3 - 1012/cm3) 
and low electron temperature (~ 0.1 eV). and TMAE pressure. The plasma density decay more 
rapidly for higher TMAE pressure and electron densities. 

In this experiment, the apparent electron-ion recombination coefficient is found to increase with 
time, and the higher TMAE pressure, the faster the increase. But the change of the recombination 
coefficient is only weakly dependent on electron temperature. The optical experiments show that 
nitrogen can enhance the delayed emission from a TMAE Rydberg state in TMAE plasma. The 
analysis compared with the experiments indicates that a delayed ionization after the laser excitation 
is important in the TMAE plasma decay. 

With the assumption that electron density change is primarily due to electron-ion recombination 
and the delayed ionization processes, a model is developed to calculate the relaxation time of the 
delayed ionization, which is longer under the lower TMAE pressure and lower electron density. 

3    RF plasma sustainment 

The introduction of an easily ionized gas to enhance electrical conductivity and help maintain 
plasma density is common practice. A requirement of the seed gas is that it should be easily 
ionized, with an ionization energy lower than dissociation energy. Another requirement is that the 
material should vaporize easily and have a relatively high vapor pressure. 

The introduction of TMAE as a seed gas is reasonable in light of the ease of ionization by VUV 
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radiation. In fact, because TMAE is so easy to ionize, it has long been used as a photocathode [49, 
50]. In addition to the presence of compounds which interfere with the seeded plasma, there is an 
issue of photon absorption cross-sections being decreased with an increase in oxygen concentrations. 
There appears to be somewhat less VUV absorption in TMAE/02 than in pure TMAE at a 
wavelength of 193 nm [51]. The result of this effect is that we might expect somewhat lower initial 
electron densities in a TMAE-air mixture. 

We have experimented with various neutral pressures of TMAE and found that we can produce 
a high-density plasma with about 60 mTorr of TMAE. The plasma density in this experiment was 
4 x 1013/cm3 and was verified by measuring the X-band microwave reflectivity of the plasma, as 
well as by Langmuir probe measurements. We also found that the high-density plasma could be 
formed with 60 mTorr of TMAE and 760 Torr of total pressure when the remainder of the filling 
gas was helium. This suggested that it may be possible to create and maintain this high-pressure 
plasma in atmospheric air. 

Code simulations using ANTENA2 and MAXEB suggest that with a smaller diameter chamber 
and a Nagoya-III antenna, a significant radiation resistance could result, and efficient power coupling 
to the plasma could be achieved. An experiment was done to see what pressure of atmospheric 
air could be used, and still maintain a discharge. It was found that a plasma with a density of 
10u/cm3 and length of 30 cm could be maintained at pressures of up to 20 Torr. At pressures 
above 20 Torr, we found that the antenna could not initiate the discharge. 

At this point we turned to the addition of TMAE to the chamber. The first test was to see if we 
could initiate theradiofrequency discharge above 20 Torr with a small amount of TMAE present. 
It seemed plausible considering the ionization energy of TMAE is significantly lower than that of 
nitrogen and oxygen. What we found, however, was that the discharge could not be initiated at a 
pressure above 4-6 Torr. It seems that the complexity of collisions associated with TMAE reduced 
the efficiency of power coupling to the discharge. 

The second test, however, showed great promise. We hypothesized that if we could initiate 
the discharge with the 193 nanometer laser, we could couple RF power to the plasma through our 
antenna and maintain a higher density. This method has proved effective at pressures of at least 
100 Torr. 

Figures 14 and 15 show the experimental setup. The laser enters the chamber through a VUV 
window, and ionizes a fraction of available TMAE molecules. The RF antenna in the photo is a 
twisted double helix. ANTENA codes showed this regime to be the best at coupling RF power in 
the mid to high pressure ranges (1-1000 Torr). In designing the antenna, it is important to keep 
in mind that the inductance of the antenna is proportional to it's length. In order to maintain a 
high Q value for this antenna, the inductance was kept to a minimum. Meanwhile, the losses in 
the antenna arise primarily from connection points and solder points. So total antenna length is 
less important when considering surface losses and continuous copper pieces were utilized whenever 
possible. 

The millimeter wave interferometer shown in the experiment is a 104 GHz Gunn oscillator. 
The system is tuned such that a sensitivity for density measurements is of the order 1012/cm3. 
Measurements of the plasma density using both Langmuir probes and the interferometer show 
that densities of the order 1013/cm3 are achieved in 1-20 Torr of argon and neon. An increase in 
density is noted when there is a steady state flow through the chamber of the working gas. At 
higher pressures, the probe interpretation is used only as a qualitative measure to confirm that 
there is still plasma present, but collisions in the sheath and the finite probe size complicate the 
interpretation of the signal. For this reason, only the interferometer measurements are used at 
pressures above 20 Torr, and even in this case, only an approximation to plasma densities can be 
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Figure 14: Laser and RF plasma apparatus 

Figure 15: Millimeter wave interferometer for measuring RF plasma 

21 



Solenoid magnets 
B = 0-1.5 kG 

Nagoya Type-Hi 
or 

Double Helix 
Antenna 

Plasma Limiter 

Langmuir or 
B-dot probes 

RF Signal Generator 
RF Power Amplifier   1 -500 MHz 
2-200 MHz, 1-3 kW 

Figure 16: Experimental setup for rf production of plasma. 

determined due to the complexity of collisions. Plasma densities of the order 1012/cm3 have been 
measured with this interferometer in 760 Torr of argon, and significant density has been confirmed 
using a Langmuir probe in both 400 Torr of air, and a mixture of TMAE and air. The coupled rf 
absorbed power density to sustain these plasmas is Pabs = 0.3 W/cm3. 

In addition, magnetic field effects were measured for this regime. Although the magnetic field 
did enhance mid and low pressure plasma discharges, the effects diminished as the pressure in- 
creased until there was no measurable effect in the high pressure range (above 100 Torr). Several 
magnetic field configurations were used in the experiment including a sharp gradient field produced 
by reversing one of the coils, and near uniform field by placing the coils close together with the 
polarity checked in both directions. In some low pressure cases, the sharp density gradient made 
the discharge easier to initiate, and the radiation resistance was effected, but as the pressure range 
increased, these effects diminished. 

4    Radiofrequency Plasma Source 

We have constructed a radio frequency helicon plasma source facility which is schematically shown 
in Fig. 16. The plasma chamber is a 10 cm (diameter) x 120 cm (length) cylindrical pyrex pipe 
and is pumped to a base pressure of 3 x 10~7 Torr by a 550 1/s turbo molecular pump. A DC 
magnetic field up to 2 kG is provided by a set of five solenoid coils. We have examined two types 
of axial magnetic field configurations, i.e. uniform magnetic field and magnetic field with a strong 
gradient at one end of the coupling antenna. The strong gradient case assists wave absorption and 
ionization. 

Argon, nitrogen, and oxygen gases are fed into the chamber via flow controllers and a mixer 
through a radial port. A 2-200 MHz 1 kW rf power amplifier is connected to a Nagoya Type III or 
a half-turn double helix antenna (15 cm long) through a matching network to couple RF power to 
the plasma. The Nagoya Type III and half-turn double helix antennas are shown in Fig. 17. 

Langmuir probe, B-dot magnetic wave field probe and diamagnetic loop diagnostics have been 
used in the past to study axial and radial plasma density profiles, axial electron temperature profile, 
wave propagation, and transverse plasma temperature characteristics. The recent addition of an 
Ocean Optics ST2000 fiber optic spectrometer allows us to examine the spectral emissions of our 
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Figure 17: Diagram of antenna types used in the rf experiments. Each antenna has a length of 15 
cm. 

plasmas over the 200-800 nm frequency range. 
We have carried out experiments in nitrogen/argon gas mixtures at 1 Torr with a half-turn 

double helix antenna and uniform magnetic field (B0 = 1400 G), obtaining plasmas with cylindrical 
volumes of 7000 cm3. We examined different nitrogen/argon gas concentration at 1 Torr, scanning 
seed gas constituents from 35% Ar with 65% iV2 up to 75% Ar with 25% N2. For reference, the 
spectral emissions of a pure Nitrogen plasma at 1 Torr and a pure Argon plasma at 1 Torr are 
shown in Figures 18 and 19, respectively. We find that if we have more than 50% nitrogen in our 
concentration, the N2 dominates, giving us a weak pinkish color plasma, that is strongest under 
the antenna, and extends (< 20 cm) away from the antenna. 

The spectral emission of this Nitrogen dominated plasma is shown in Fig. 20, which clearly 
shows iV2 lines similar to those of the pure iV2 case. Similarly, if we have more than 70% argon, 
the Ar dominates, giving us a purple color plasma that is strongest under the antenna, extends 
(< 20 cm) in one direction, and extends 30 cm in the other direction. However, in the range of 
50%/50% to 40%/60% of N2/Ar, we see a stronger orange/yellow color plasma, that is very intense 
under the antenna, and extends axially for 0.75 m. The spectral emission of a plasma in this 
regime is shown in Fig. 21, and it can be seen that both Argon and Nitrogen lines are prominent. 
There is a distinct improvement in plasma size and plasma resistive loading for this N2/Ar mix in 
comparison with either the pure Ar or pure N2 cases. The combination of both nitrogen and argon 
spectral emission lines along with the improved plasma characteristics implies that a positive seed 
gas effect occurs in this N2/Ar concentration range. Figure 22 shows the plasma created for the 
35% AT2/65% Ar 1 Torr case. 

Figure 23 illustrates the optimum case of power reflection from the half-turn double helix 
antenna with a capacitive matching system driven at 9.26 MHz. The forward and reflected power 
is measured using a calibrated Bird meter. In this case, the gas mixture is 35% nitrogen and 65% 
argon at 1 Torr in a static magnetic field of 1.4 kG. Reflected power is 17%, indicating efficient 
power coupling for this type of antenna at pressures of 1 Torr.   After taking into account the 
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Figure 18: Spectral emission lines for a pure Nitrogen plasma at 1 Torr. 
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Figure 19: Spectral emission lines for a pure Argon plasma at 1 Torr 
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Figure 20: Spectral emission lines of Nitrogen dominated (Nz > 50% plasma at 1 Torr. 
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Figure 21: Spectral emission lines of 65% AR/35% N2 plasma at 1 Torr. 
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Figure 22: Mix plasma at 1 Torr. 

antenna and plasma losses, we calculate a net power coupled to the plasma of 250 W. This implies 
that the power density needed to sustain the plasma at optimum mix of 40% nitrogen with 60% 
argon at 1 Torr is 0.04 W/cm3. 

The impedance of the half-turn double helix antenna is measured using a network analyzer, and 
the conjugate match principle is utilized. For the optimum match 1 Torr case, the antenna plasma 
impedance is measured to be Zantenna = 0.3 + j4 Q. Note that this compares very closely to the 
ANTENA-II code simulation values of Zantenna = 0.28 + ^1.6 Q for a 5X1012 /cm3 density plasma 
at 1.4 kG and 1 eV temperature. This code has been used with success in earlier experimental 
comparisons and we will use it to scale to higher pressure cases. 

5    Simulation of High Pressure Air Plasmas by Inductive Codes 

The effects of the DC magnetic field , rf frequency, electron density, collision rates and antenna con- 
figuration on power coupling in high pressure plasmas have been studied by using the ANTENA-II 
and MAXEB codes developed by our group [6, 3, 4]. The inductive coupling problem for differ- 
ent types of antenna coils is solved numerically in these codes. Plasma density and temperature 
radial profiles are included in the 1-D ANTENA-II code, while nonuniformity of plasma density, 
temperature and DC magnetic field in both r and z directions can be treated in the 2-D MAXEB 
code. We have previously examined lower pressure (1-10 mTorr) rf helicon wave coupling and 
collisional and collisionless wave absorption using the ANTENA-II and MAXEB codes. The com- 
parison between simulation and experiment results for Argon plasma at 1 mTorr with uniform and 
nonuniform DC magnetic field has been carried out with good agreement for both field solutions 
and antenna-plasma impedance [4]. 

The effect of DC magnetic fields on the power absorption profile for a Nagoya-III type antenna 
at a collision rate of v = 109 1/s is shown in Fig. 24. The collision rate is indicative of high neutral 
gas pressure and is taken to be v = 3 X 109 X P (Torr). Note that actual collision rates in air 
mixtures can vary by factors of order five times lower than this due to the detailed nature of the 
electron distribution function. The figure shows that the radial wave penetration into the plasma is 
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Figure 23: Forward (A) and reflected (B) power for the half-turn double helix antenna coupling rf 
power to the Ar/N mix plasma at 1 Torr. Reflected power = 17%. 

enhanced for the same density and collision rates as the magnetic field is increased. The radiation 
resistance versus the DC magnetic field for the same collision rate is shown in Fig. 25. It's noted 
that the radiation resistance is also increased with increasing magnetic field, which is helpful in 
the matching the antenna to the RF generator and overcoming skin effect losses in matching and 
coupling circuit. 

The effect of varying the rf frequency on the radiation resistance is shown in Fig. 26. We found 
that an increase in the frequency helps to increase the radiation resistance substantially. A roughly 
linear dependence of Rr on frequency can be observed from the diagram. We believe that the 
frequency increase causes a significant increase in the field magnitude at the edge of the plasma for 
the same power input, therefore it increases the power coupling efficiency. Although substantial 
radiation resistances can be achieved in the code simulation, matching at these high frequencies 
is experimentally challenging. Air core or ferrite transformers which insure a balanced rf current 
drive on the antenna are required. So in practice, it is desirable to find an optimum frequency at 
which both a substantial radiation resistance and good matching techniques can be obtained. 

The effect of the plasma peak density variation on the antenna radiation resistance is illustrated 
in Fig. 27 for an antenna driven at 13.56 MHz and a magnetic field of 1 kG for high pressure ranges 
corresponding to 100-1000 Torr. The radiation resistance varies from 0.0038 Ohms at 1012/cm3 

density to 0.44 Ohms at 1015/cm3 density with the neutral pressure in the 100 Torr range. The 
radiation resistance increases substantially with density and is reduced as the collisionality is in- 
creased. We found that high electron density plays an important role in getting efficient power 
coupling at high pressures. This notion will help us build a new experimental device with both 
laser initiation and rf sustainment heating to create a steady state plasma with densities of 1013/cm3 

at atmosphere air pressures. The use of Argon and organic seed gases and laser preionization will 
greatly assist this experiment. 
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Figure 24: The effect of the magnetic field on the radial power absorption profile, (a) B=10,000 G, 
(b) B=2000 G, (c) B=500 G with n0 = 1014/cm3, f=13.56 MHz and v = 109 1/s. 
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Figure 25: The effect of magnetic field on the antenna radiation resistance, no = 1014/cm3, f=13.56 
MHz and v = 109 1/s. 
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Figure 26: The effect of frequency on the antenna radiation resistance, no = 1014/cm3, B=1000 G 
and v = 1011 1/s. 
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Figure 27: The effect of plasma peak density on the antenna radiation resistance, (a) v — 1011 1/s, 
(b) v = 1012 1/s with B=1000 G and f = 13.56 MHz. 
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Experimentally, we have produced a mixed Nitrogen-Argon plasma at 2 Torr. The measured 
antenna radiation resistance is 0.3 Ohms. The reactance measured at the feed points is 4.3 Ohms. 
The plasma reactance is determined to be 2.6 Ohms after making correction for the feeds and 
vacuum antenna reactance. The electron-Argon neutral collision rate and electron-Nitrogen neutral 
collision rate at 2 Torr are ue-Ar = 1.6 X 108 1/s and ve-N2 = 3.0 x 109 1/s, respectively [52]. We 
ran ANTENA-II and obtained #,.=0.25 Ohms, Xr=4.5 Ohms at ne = 3.0 X 1012/cm3 for Ar, and 
fir=0.32 Ohms, Xr=4.4 Ohms at ne = 1.0 x 1013/cm3 for N2. By using the code to pinpoint 
both the antenna resistance and reactance values, we determined the density range for our 2 Torr 
N2 - Ar plasma to be 3 X 1012 - 1013/cm3 at 1 eV. 

We have also made a comparison between the atmosphere air pressure plasma experiment 
by Eckert et al. [53] and the Thomson model [54, 55]. Plasma flames in air with an average 
ne = 5 x 1014/cm3 were produced at the atmosphere pressure by rf induction. The power dissipated 
is Fr/=18 kW, the rms values of coil current and voltage are 40 A and 3.5 kV at a rf frequency 
of 4 MHz. The plasma radiation resistance is determined to be 11.3 Ohms based on the reported 
experimental data. The power absorbed by the plasma in Thomson model is calculated as 

where R and I are the radius and length of the plasma, respectively, and Sabs is the magnitude of 
the Poynting vector at the boundary and 

babs-tlz0   ßR   Ue[   M_jl/2ßR)   J. 

where ß is the radial wave number in the plasma. 
We utilized this model to calculate the power absorbed by the plasma and then obtained the 

resistance value to be 11.28 Ohms at v = 2.3 x 1012, which is indicative of the atmosphere pressure. 
This good agreement indicates that Thomson model can describe the high pressure plasma power 
coupling with large skin depths very well and is used to interpret our high air pressure rf plasma 
sustainment. 
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9 Student Training 

During the past three years, May 1, 1997 - April 30, 2000, the participants carrying out the research 
are as follows: 

- John E. Scharer, Professor; Dr. X. Guo, Postdoc 
- G. Ding, K. Kelly, and E. Paller, H. Gui, Ph.D. Graduate Students 
- R. Cao, M.S. Graduate Student 
- Alex Yu, Undergraduate Research Student 

The experimental and computational research involves graduate and undergraduate students in 
the area of laser and radiofrequency formation of air plasmas. It has important potential AFOSR 
applications such as reduction of radar cross sections, use as a fast (2 ns) shutter for radar turn-off, 
elimination of biological contaminants and thin film creation in air. The experiments the students 
participated in include VUV excimer laser formation of a high density organize seed plasma and 
measurement of the effects of nitrogen, oxygen and other air plasma components on the plasma 
density and lifetime. They also participated in radiofrequency sustainment and magnetic field 
effects on the production of collisional air plasmas. The detailed design of radiofrequency coupled 
diagnostic measurements of plasma properties, measurements of millimeter wave transmission, flash 
tube plasma production and spectroscopy will be carried out by the students with the Principal 
Investigator as well as Ph.D. scientists who work on the research. The use of our new turbo 
molecular higher vacuum system and RGA diagnostics will greatly improve their knowledge of state- 
of-art vacuum systems and very precise vacuum and gas constituent information can be obtained. 
Computer simulations of the plasma production by laser and radiofrequency sustainment, the 
effects of magnetic fields, the diffusion and interaction with microwaves has been developed and an 
extension of this to analyze data and determine the air and plasma parameters will be extended. 
Professor Scharer has offered a course, Computational Methods in Electromagnetics, which will be 
offered again and is of great benefit to the graduate students. 

10 Computational Simulations 

We are utilizing the extensive computational facilities of the Center for Plasma Theory and Com- 
putation (J. Scharer, Co-Director) for simulations of laser and radiofrequency plasma formation, 
gas constituent ionization, diffusion. and recombination as well as the millimeter wave interactions 
with the medium. The accurate measurement of the gas constituents allows much more accurate 
models to be developed and used to examine possible improvements in the plasmas created. The 
computing resources of our Center for Plasma Theory and Computation currently include a Sun 
Ultra 2 Model 2300 (two 300 MHz CPU's) with 1.28 GB of memory, a Sun Ultra 2 Model 2200 (two 
200 MHz CPU's) with 896 MB of memory, a Sun Ultra 2 Model 1170 (two 200 MHz CPU's) with 
384 MB of memory, and two Sun SPARCstations 10 (dual 125 MHz hyperSPARC CUP's) with 160 
MB of memory. These systems are configured with a combined total of more than 40 GB of hard 
disk storage. This arrangement facilitates high performance distributed serial and parallel comput- 
ing. The combined computing power of these seven workstations is more than 25 percent greater 
than the computing power of a single processor CRAY 2 supercomputer. All seven workstations 
are connected via a dedicated high speed data communication network (FDDI). These facilities, 
combined with access to national CRAY supercomputer facilities and the College of Engineering's 
Computer-Aided Engineering Center provide access to a wide variety of state-of-the-art software 
tools relevant to the proposed research. 
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